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Abstract The development and use of robust ethanologenic microorganisms resis-

tant to industrially relevant pretreatment inhibitors will be a critical component in

the successful generation of biofuel on the industrial scale. Recent progress to

understand the genetic basis of pretreatment inhibitor tolerance using genomics

and systems biology tools for metabolic engineering for the model ethanologenic

bacterium Zymomonas mobilis is reviewed in this chapter. The importance of

accurate genome annotations and the integration of systems biology data for

annotation improvement are highlighted, and case studies that describe the identifi-

cation and characterization of the Z. mobilis nhaA, hfq, and himA inhibitor tolerance

related gene targets are presented.
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1 Introduction

A core challenge for next-generation biomass-based cellulosic biofuels is over-

coming biomass recalcitrance, or gaining access to its sugars that can then be

converted to biofuels (Himmel et al. 2007; Alper and Stephanopoulos 2009).

Biomass pretreatment is necessary for optimal release of C-5 and C-6 sugars but

can also create a range of inhibitory by-products such as aldehydes, ketones, organic

acids, and phenols (Pienkos and Zhang 2010; Palmqvist and Hahn-H€agerdal 2000;
Klinke et al. 2004; Liu and Blaschek 2010). Synergistic or additive inhibitory effects

are also likely among different hydrolysate inhibitors or metabolic by-products

generated during the fermentation such as ethanol, acetate, and lactate (see recent

reviews (Mills et al. 2009; Almeida et al. 2007)). An increased lag phase and slower

growth increase the biofuel production costs due to reduced production rates and

decreased yields (Kadar et al. 2007; Takahashi et al. 1999).

Acetic acid is one major organic acid inhibitor. It is generated by the

de-acetylation of hemicelluloses during the pretreatment of biomass. At pH 5.0,

about 36% of acetic acid is in the uncharged and undissociated form (HAc). In this

form, it is able to pass through the bacterial plasma membrane, leading to uncoupling

of the HAc and anion accumulation which causes cytoplasmic acidification (Lawford

and Rousseau 1993). Its importance comes from the significant concentrations

of acetate that are produced relative to fermentable sugars (McMillan 1994). The

produced acetate concentration is also dependent on the feedstock used during the

conversion process. An approach to overcoming possible inhibition caused by

pretreatment is to remove the inhibitors from the biomass physically or chemically

after pretreatment (Pienkos and Zhang 2010). This requires additional equipment and

time, thus leading to higher cost. For example, acetate removal processes have been

described, but they are energy- or chemical-intensive, and a full-cost analysis has not

been reported (McMillan 1994). Applications of inhibitor-tolerant microorganisms

appear promising for lower-cost cellulosic biofuel conversion (Almeida et al. 2007;

Liu and Blaschek 2010; Liu et al. 2004, 2005, 2008, 2009; Liu and Moon 2009).

Yeast strains are among the current leading industrial biocatalyst microorganisms

for fuel production (Hahn-Hagerdal et al. 2006). However, bacteria such as

Escherichia coli, Zymomonas mobilis, and others are being engineered, developed,

and deployed to address commercially important inoculum requirements (Dien et al.

2003; Alper and Stephanopoulos 2009). Z. mobilis is a Gram-negative facultative

anaerobic bacterium with desirable industrial biocatalyst characteristics, such as high

specific productivity, high ethanol yield, and ethanol tolerance (12% v/v) (Dien et al.

2003; Panesar et al. 2006; Rogers et al. 2007). The genome sequence of strain ZM4

has been determined (Seo et al. 2005) and an updated annotation was released recently

(Yang et al. 2009a). In addition, the genome sequence and annotation of Z. mobilis
NCIMB 11163 strain has been reported (Kouvelis et al. 2009) with more strains to be

finished or sequenced. Wild-type Z. mobilis strains can only utilize a limited range of

carbon sources, namely, glucose, fructose, and sucrose. To overcome this limitation,

recombinant strains have been engineered to ferment hexose and pentose sugars such
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as xylose, arabinose, and other substrates with high yields (Deanda et al. 1996;

Zhang et al. 1995), but a low tolerance to acetic acid and a decreased tolerance to

ethanol have been reported (Dien et al. 2003; Lawford and Rousseau 1998; Lawford

et al. 2001; Ranatunga et al. 1997). In addition, recent achievements to improve

transformation efficiency by modifying the DNA restriction-modification systems

(Kerr et al. 2010), cellulase expression and secretion (Linger et al. 2010), as well as

the genome-scale modeling and in silico analysis (Widiastuti et al. 2010), will aid

future metabolic engineering and synthetic biology endeavors greatly.

The development and use of robust ethanol-generating microorganisms resistant

to industrially relevant inhibitors and with a high-yield ethanol production will be

a critical component in the successful generation of fuel ethanol on the industrial

scale. However, limited progress has been made in understanding the genetic basis

of inhibitor tolerance (Stephanopoulos 2007), and there are few examples of

metabolic engineering with systems biology tools for bioprocess development to

date (Park et al. 2008). In this chapter, the focus is on genome-based approaches

to elucidate molecular mechanisms of inhibitor tolerance for Z. mobilis.

2 Genome Annotation of ZM4 Using Systems Biology Studies

Genome sequencing projects provide opportunities for fundamental insights and

facilitate strain development (Jeffries 2005). The next generation of new sequencing

technologies are delivering fast and relatively inexpensive genome information (see

recent reviews (MacLean et al. 2009; Metzker 2010)). Since the first complete

microbial genome was published in July 1995 (Fleischmann et al. 1995), the number

of finished microbial genomes has grown rapidly. As of August 24, 2010, 1,213

microbial genome sequencing projects have been completed with 3,422 in progress.

Detailed information on prokaryotic genome sequencing projects can be accessed

at the NCBI Microbial Genomes Resources database: http://www.ncbi.nlm.nih.gov/

genomes/MICROBES/microbial_growth.html or the Genomes OnLine Database at:

http://www.genomesonline.org/.

The majority of annotation efforts have focused on automatic bioinformatics

approaches that are indispensable and based on similarity searches. However,

there are issues related to the quality of genome sequencing, and intrinsic annota-

tion errors have also been raised (Devos and Valencia 2001). Inaccurate prediction

of open reading frames (ORFs), hypothetical protein descriptions, and discovery of

new regulatory elements such as small regulatory are just some of the examples

of issues related to genome sequences. On occasions, scientists are faced with

different annotation versions generated by different groups for the same genome

sequence.

In the case of Z. mobilis ZM4, many differences can be seen between the primary

annotation and one performed by the J. Craig Venter Institute (JCVI) (http://cmr.jcvi.

org/cgi-bin/CMR/GenomePage.cgi?org¼ntzm01). Differential gene expression for

ORFs predicted by JCVI but absent from the primary annotation has been reported
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(Yang et al. 2009b). In addition, the existence of ZM4 plasmids has been reported

previously (Yablonsky et al. 1988), but they were not included in the original

genome annotation for the strain (Seo et al. 2005). The ZM4 genome annotation

has been improved using an updated microbial genome annotation pipeline, the

addition of annotated DNA sequences for five plasmids, and data generated from

several proteomics studies (Yang et al. 2009a). Almost one-third of the original

genome ORF predictions were changed, including important genes such as nhaA
(ZMO0119) (see detailed descriptions at a later section). The 156 new plasmid gene

models represent coding sequences for important genes like an iron-containing

alcohol dehydrogenase, hypothetical genes with unknown functions, genes for

plasmid maintenance, transport, regulation, metabolism, as well as genes belonging

to restriction-modification systems and phage-related genes (Yang et al. 2009a).

It is therefore feasible to apply proteomics and next-generation sequencing

information for genome annotation improvements, an activity that has received

extensive attention recently with several other genome annotations undergoing

similar improvements (Armengaud 2009; Baudet et al. 2010; Payne et al. 2010;

Wright et al. 2009). The accurate Z. mobilis ZM4 genome sequence and annota-

tion are essential components for successful systems biology studies in this and

other important ethanologenic microorganisms. In the case of the Z. mobilis ZM4

genome update, the improvement was conducted in collaboration with the

authors of the primary sequence, which meant the research community was better

served by a unified GenBank accession number.

3 Identification of Genes Tolerant to Acetate

Classic strain development that combines random mutagenesis and selection has

a long history of success in generation of biocatalysts with industrially designed

traits (Parekh et al. 2000; Patnaik 2008). However, the genetic loci contributing to

the phenotypic strain changes can be difficult to identify. Systems biology tools and

greater access to next-generation sequencing technologies are being increasingly

exploited to gain insights into molecular mechanisms that link genotypes to impor-

tant phenotypes. This section discusses strategies of tolerant gene identifications

against acetate in Z. mobilis.

3.1 nhaA

An acetate-tolerant Z. mobilis mutant (AcR) was created via chemical mutagenesis

with N-methyl N0-nitro N-nitrosoguanidine and selection in a continuous culture

with a progressively increasing concentration of sodium acetate in the medium feed

(Joachimstahl et al. 1998). AcR can efficiently produce ethanol in the presence of

20 g/L NaAc, while the parent organism ZM4 is inhibited above 12 g/L NaAc under
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the same conditions (Joachimstahl et al. 1998). Acetic acid was inhibitory to the

wild-type-derived strain ZM4(pZB5), which contains the plasmid pZB5 expressing

Escherichia coli genes for pentose metabolism and xylose assimilation (Zhang et al.

1995) on xylose medium. The major inhibition mechanisms were possibly the

intracellular de-energization and acidification (Kim et al. 2000). A recombinant

strain was generated by transforming plasmid pZB5 into the AcR background,

which can utilize both xylose and glucose with increased acetate resistance and

improved fermentation characteristics in the presence of 12 g/L NaAc (Jeon et al.

2002). However, strain AcR was generated while many systems biology tools were

being developed or had yet to be conceived, and the molecular mechanism of AcR

sodium acetate tolerance was elusive until recently (Yang et al. 2010a).

The mutations in the AcR strain were identified and confirmed through the

combination of microarray-based comparative genome sequencing (CGS), next-

generation 454-pyroresequencing, and Sanger sequencing (Fig. 1) (Yang et al.

2010a). The CGS results from AcR identified a 1,461-bp (~1.5 kb) region of deleted

DNA, which was confirmed using polymerase chain reaction, agarose gel electro-

phoresis, and Sanger sequencing analysis (Fig. 2). CGS results also identified 38

Fig. 1 Overview of the scheme used to identify sodium proton antiporter tolerance mechanisms
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putative AcR single-nucleotide polymorphisms (SNPs), 26 of which were within

coding regions and 12 within intergenic regions. From the 454-pyrosequencing

shotgun and paired-end sequencing reads generated for ZM4 and AcR, 200 and 219

high confidence differences (HCDiffs) were identified for strains ZM4 and AcR,

respectively, compared to the ZM4 reference genome (GenBank accession:

AE008692) (Seo et al. 2005). An analysis of the putative mutations shared between

ZM4 and AcR identified that most did not contribute to the AcR phenotype and led

to improvements in the ZM4 chromosome sequence (Yang et al. 2009a). Only two

confirmed SNPs were unique to AcR, with one synonymous SNP (i.e., no change at

the amino acid level) found within ZMO1184 encoding a hypothetical protein and a
nonsynonymous SNP in kup (ZMO1209) encoding a putative potassium transporter.

Therefore, the only differences between strains AcR and ZM4 after the ZM4

reference genome annotation update were the 1.5-kb deletion region that truncated

ZMO0117 and DNA upstream of the nhaA gene ZMO0119 (Fig. 2), and two SNPs

that affected ZMO1184 and ZMO1209.
To further investigate the correlation between genotypic differences with phe-

notypic changes, transcriptomics studies were conducted to compare gene expres-

sion profiles between wild-type ZM4 and the acetate-tolerant mutant AcR under

selective conditions. An analysis of variance (ANOVA) was conducted using

JMP Genomics (SAS Institute Inc., Cary, NC) to identify significant differences

in exponential and stationary phase transcriptomic profiles for ZM4 and AcR

growing either in the presence of NaCl (146 mM or 8.6 g/L NaCl, pH 5.0) or NaAc

(146 mM or 12 g/L NaAc, pH 5.0) (Fig. 1). Microarray analysis showed that nhaA
expression was significantly increased (>16-fold) in strain AcR compared to ZM4

under all conditions tested (Fig. 1). The 1,461-bp deletion of AcR included a 1,363-

bp region of ZMO0117 with only a 275-bp 50 fragment left and a 160-bp ZM4 nhaA
upstream region with only 98-bp of the nhaA upstream region unchanged in AcR

(Fig. 2). A consistently decreased ZMO0117 signal was detected in each condition

in the AcR strain compared to that of ZM4 in transcriptomics studies (Fig. 1). These

findings suggested that the deletion in AcR enhanced the nhaA expression and

likely led to enhanced NaAc tolerance in strain AcR.

To test the hypothesis that the deletion in AcR resulted in higher nhaA expression,

which augmented NaAc tolerance, a deletion mutant ZM4DM0117 was generated to

mimic the AcR 1,461-bp deletion in the wild-type ZM4 strain background by marker

exchange (Fig. 2). To test the influence of ZMO0117 on NaAc tolerance, a ZMO0117

RegiondeletedinAcR UpdatedZMO0119

5322 bp

ZMO0117ZMO0116 ZMO0119 ZMO0120

Region deleted in AcR Updated ZMO0119

Fig. 2 Z. mobilis nhaA (ZMO0119) and its adjacent genes. ZMO0116, ZMO0117, ZMO0119, and
ZMO0120 indicate Z. mobilis ZM4 genes. The open box labeled “Region deleted in AcR” is

present in ZM4 but deleted in the AcR mutant. The open box labeled “Updated ZMO0119”

represents the updated annotation of ZMO0119, which was also used for nhaA overexpression

plasmid p42-0119 construction
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insertion mutant strain ZM4IM0117 was constructed (Yang et al. 2010a). The

ZMO0118 gene was combined with ZMO0119 in the recent update to the ZM4

genome (Yang et al. 2009a, shown in Fig. 2), which demonstrates the importance of

working with the best available genome annotation.

To test the correlation between nhaA overexpression and NaAc tolerance,

a plasmid p42-0119 for nhaA overexpression was generated and introduced into

wild-type ZM4 background through conjugation and selection (Yang et al. 2010a).

The overexpression and mutant strains grew similarly to wild-type ZM4 under

anaerobic conditions in RM broth without NaAc supplementation (Fig. 3a). ZM4

wild type and the ZM4IM0117 were unable to grow with the supplementation of

195 mM (or 16 g/L) NaAc at pH 5.0, while the positive control strain AcR grew

well (Fig. 3b). The expression of nhaA in ZM4 via plasmid p42-0119 restored the

growth of ZM4 under these selective conditions, reaching three-fourths of the AcR

growth rate. The final cell density (OD600nm) of ZM4 (p42-0119) was only 13% less

than that of AcR. ZM4DM0117 was able to grow in the presence of NaAc, achieving

more than half of the growth rate and three-fourths of the final cell density of the AcR

strain. The similar growth for the insertional mutant ZM4IM0117 as wild-type ZM4

indicated ZM0117 was not responsible for NaAc tolerance. ZM4 NaAc tolerance

was augmented substantively by either additional nhaA copies provided via plasmid

p42-0119 or by recreating the deleted DNA region of AcR in ZM4 wild-type

background, which further suggested that the deletion in AcR truncated the nhaA
promoter region resulted in higher nhaA expression, and in turn conferred the

tolerance against NaAc.

To investigate the role of nhaA with different forms of acetate, ZM4 and AcR

strains were grown with the supplementation of the same molar concentrations

(195 mM) of sodium chloride (NaCl), NaAc, potassium acetate (KAc), or ammo-

nium acetate (NH4OAc) (Yang et al. 2010a). Both the sodium and acetate ions had

an inhibitory effect on the growth of both Z. mobilis wild-type ZM4 and AcR, with

decreases in both growth rate and final cell density. The acetate ion was more toxic

than the sodium ion. Z. mobilis grew more rapidly in the presence of 195 mM NaCl,

and the final cell density was higher compared to growth with the supplementation

of same molar concentration of NH4OAc or KAc. At the same molar concentration

(195 mM), NaAc was more toxic than KAc or NH4OAc for ZM4, and the combi-

nation of elevated Na+ and Ac- ions exerted a synergistic inhibitory effect on ZM4,

with its growth totally inhibited.

The AcR strain was selected for sodium acetate tolerance (Joachimstahl et al.

1998). It also has an enhanced tolerance to NaCl, but not NH4OAc or KAc as

compared to the Z. mobilis wild-type ZM4 (Yang et al. 2010a). Strain ZM4DM0117

and ZM4 harboring the nhaA expression plasmid p42-0119 similarly had enhanced

tolerance to NaCl that did not extend to NH4OAc or KAc. The increased tolerance to

NaAc for these strains therefore may be due mostly to an increased tolerance to the

sodium ion arising from overexpression of the Na+/H+ antiporter gene nhaA. The
strains were also tested for tolerance to other pretreatment inhibitors such as furfural,

HMF, or vanillin, and advantages were not observed. These data again further

suggested that NhaA mostly confers enhanced specific tolerance to Na+ but not to
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other inhibitors, which reinforces the idea that “you get what you select for.” There-

fore, inhibitors used in selection regimes need to reflect the real conditions for desired

performance where strains are also likely to face a number of different inhibitors.

A similar approach could be used for two other random mutants in the American

Type Culture Collection (ATCC), the Z. mobilis (ATCC 31822) flocculent mutant

RM, pH5.0
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Fig. 3 Higher levels of Z. mobilis NaAc tolerance were not achieved through overexpression of

both hfq and nhaA. The impact of Hfq overexpression (via p42-0347) in Z. mobilis wild type,

acetate-tolerant mutant AcR, and a Z. mobilis deletion mutant ZM4DM0117 was assessed at

different concentrations of NaAc and compared to that of corresponding parental strains: (a) RM

broth only without NaAc supplementation as control and (b) RM broth with 195 mM NaAc). The

growth of Z. mobilis strains were monitored by Bioscreen C (Growth Curves USA, NJ) under

anaerobic conditions. Strains included in this study were: ZM4 (Z. mobilis ZM4 wild-type), AcR

(previously described ZM4-derived acetate-tolerant mutant), AcR(p42-0347) (AcR containing a

gateway plasmid p42-0347 for hfq (ZMO0347) expression), ZM4(p42-0347) (ZM4 containing a

gateway plasmid p42-0347 for hfq (ZMO0347) expression), ZM4DM0117 (a deletion mutant of

ZM4 that mimics the 1.5-Kb deletion in AcR), and ZM4DM0117(p42-0347) (ZM4DM0117

containing a gateway plasmid p42-0347 for hfq (ZMO0347) expression). This experiment has

been repeated at least three times with similar results. Duplicates were used for each condition
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strain ZM401 and the ethanol-tolerant Z. mobilis mutant ZM481 (ATCC 31823).

The investigation of the genetic differences between the wild-type and mutant

strains may provide molecular mechanisms for ethanol tolerance and enhanced

flocculation for strain development purposes. The development of high-throughput

random mutant generation and selection for improved industrial processing traits,

such as those tolerant to high substrate loading and a high concentration of hydroly-

sate, is needed to further develop industrial microorganisms, and subsequent charac-

terization will allow for more-rapid strain development.

3.2 hfq

Z. mobilis ZM4 gene expression and metabolomic profiles during aerobic and

anaerobic conditions were investigated, and it was determined that the ethanol

production by Z. mobilis decreased with several inhibitory secondary metabolites

produced in aerobic conditions (Yang et al. 2009b). This study also revealed that

the expression of the putative hfq gene ZMO0347 was increased in anaerobic

stationary phase compared to that in aerobic conditions (Yang et al. 2009b). Hfq

is an RNA chaperone with pleiotropic regulatory roles involved in numerous stress

responses (Tsui et al. 1994; Sittka et al. 2008; Zhang et al. 2003; Valentin-Hansen

et al. 2004). However, little was known about the role of Z. mobilis Hfq in multiple

pretreatment inhibitor tolerances until a recent reverse genetics study (Yang et al.

2010b). In this study, an hfq insertional mutant was generated in an ZM4 acetate-

tolerant strain AcR with the pKnock-Km suicide plasmid system, and plasmid

p42-0347 overexpressing hfq gene ZMO0347 was introduced into ZM4 wild

type, acetate-tolerant mutant AcR, and hfq mutant AcRIM0347 by conjugation

and selection (Yang et al. 2010b).

An hfq mutant (strain AcRIM0347) was unable to grow with the supplementa-

tion of 195 mM ammonium acetate or potassium acetate (Yang et al. 2010b). Both

the final cell density and the growth rate of the hfq mutant were reduced by at least

25% and about 60% in the presence of 195 mM sodium chloride or sodium acetate

as compared to that of the parental strain AcR. Consistent with previous reports

(Joachimstahl et al. 1998; Yang et al. 2010a), the growth of wild-type ZM4 was

completely inhibited in the presence of 195 mM sodium acetate. The introduction

of an hfq-expressing plasmid (p42-0347) into wild-type ZM4 allowed wild-type

ZM4 to obtain a similar growth rate and final cell density to those of acetate-tolerant

strain AcR with the supplementation of 195 mM sodium acetate (Yang et al.

2010b). As hfq plays a central role in normal Z. mobilis physiology, the growth

rate of hfq mutant AcRIM0347 was reduced to about 20% even without any

inhibitor in rich medium (RM) although the final cell density of AcRIM0347 was

similar to that of the AcR parental strain. The resistance of AcR to both sodium ion

and acetate ion decreased when the hfq gene of AcR was inactivated by an

insertional mutation. The AcRIM0347 hfq mutation was complemented partially

by the introduction of an hfq-expressing plasmid p42-0347 into the strain.
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The reduced inhibitor tolerance of an hfq mutant of acetate-tolerant strain AcR

and enhanced acetate tolerance of the acetate-sensitive Z. mobilis wild-type strain
by hfq overexpression indicated that hfq is important for optimal Z. mobilis growth.
In addition, the study also showed the possibility to identify inhibitor-tolerant gene

targets by top-down systems biology studies followed by reverse genetics approaches.

3.3 nhaA and hfq

The hfq overexpression plasmid p42-0347 was introduced into acetate-tolerant

Z. mobilis strains AcR (Joachimstahl et al. 1998) and ZM4 deletion mutant

ZM4DM0117 (Yang et al. 2010a), which overexpress the nhaA gene to examine

whether or not even higher levels of NaAc tolerance could be achieved (Fig. 3). All

the strains grew similarly in RM broth, except that those carrying plasmid DNA had

slightly reduced growth rates (Fig. 3a), consistent with previous reports (Yang et al.

2010a,2010b). The combined overexpression of hfq and nhaA, either in an AcR or

in a ZM4DM0117 background, did not augment the NaAc tolerance phenotype

(Fig. 3b). ZM4 is unable to grow in RM with 195 mM (16 g/L) NaAc, while strain

AcR grows well (Joachimstahl et al. 1998; Yang et al. 2010a) (Fig. 3b). The

introduction of hfq-overexpressing plasmid p42-0347 can improve the NaAc tolerance

of wild-type Z. mobilis with 195 mM NaAc (Yang et al. 2010b) but neither the

deletion mutant ZM4DM0117 nor acetate-tolerant mutant AcR that both already

have enhanced NaAc tolerance through nhaA overexpression (Yang et al. 2010a)

(Fig. 3b). A similar trend for the growth phenotypes was observed under more

inhibitory conditions, i.e., 243 mM (20 g/L) or 364 mM (30 g/L) NaAc for AcR

strain containing p42-0347 plasmid. The growth rate of ZM4DM0117 (p42-0347)

was approximately one quarter less than that of ZM4DM0117 in RM with 195 mM

NaAc (Fig. 3b). In addition, the final culture turbidity of ZM4DM0117(p42-0347)

in RM with 195 mM NaAc, as measured by OD600nm units, was also reduced by

more than one-fifth to 0.37 � 0.007 compared to the parental strain ZM4DM0117

(Fig. 3b). This indicates that higher levels of NaAc tolerance are not achieved

by combining the two independent hfq and nhaA overexpression mechanisms for

Z. mobilis NaAc tolerance.

3.4 himA

Another approach to identifying inhibitor-tolerant gene targets and to better under-

standing microbial physiology uses targeted mutant library construction and char-

acterization. For example, scientists at NREL and DuPont constructed a transposon

mutant library of a xylose-utilizing Z. mobilis strain and identified a himA gene

involved in acetate tolerance of Z. mobilis (Viitanen et al. 2009). They further

engineered a himA markerless mutant with reduced himA activity and increased
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ethanol production compared to parental strains when cultured in a mixed-sugar

medium containing xylose, especially in the presence of acetate (Viitanen et al.

2009).

In a similar approach, scientists at the Energy Biosciences Institute (EBI) con-

structed a “bar-coded” transposon library of Z. mobilis. They have established a

pooled transposon library containing insertions in 1,695 different genes from 14,009

transposon insertion mutants that includes most non-essential genes in the Z. mobilis
genome. In addition, a high-throughput 96-well growth screen has been carried out

to determine the inhibitory concentration of various inhibitors and potential fuel

molecules. The details about this ongoing project can be accessed at the website:

http://www.energybiosciencesinstitute.org/index.php?option¼com_content&task¼
view&id¼124&Itemid¼20. The gene targets identified through this study will

hopefully add more inhibitor-tolerant genes for future metabolic engineering or

synthetic biology endeavors.

4 Heterologous Expression for Strain Improvement

Heterologous expression of genomic DNA from resistant microorganisms is another

strategy that can be employed for strain development purposes. Deinococcus
radiodurans is an extremely tolerant microorganism isolated in highly radioactive

and extreme environments (White et al. 1999). The D. radiodurans IrrE protein was

identified as a regulator of recA expression (Earl et al. 2002), and its heterogeneous

expression in E. coli promotes DNA repair and protection against oxidative damage

(Gao et al. 2003). Although D. radiodurans and E. coli are quite different organisms,

the irrE gene protects E. coli against multiple stresses, including oxidative, osmotic,

and thermal shocks, and confers greater salt tolerance in plants (Pan et al. 2009).

Recently, researchers have shown that the D. radiodurans irrE gene also confers

improved Z. mobilis cell viability, abiotic stress tolerance, and ethanol production

(Zhang et al. 2010). Numbers of transcripts for key Z. mobilis genes (pyruvate

decarboxylase and alcohol dehydrogenase) and their enzyme activities were higher

in IrrE-expressing Z. mobilis as compared to empty vector control strains (Zhang

et al. 2010). These studies and others show the potential for heterogeneous expression

to expand the genetic pool for strain improvement.

5 Conclusion and Perspectives

In conclusion, recent studies using Z. mobilis as a model indicated that accurate

genome annotation is crucial for systems biology studies and, in turn, that the data

generated from systems biology studies are important for genome annotation

improvements. A paradigm for rapid identification and characterization of process-

relevant traits created by classical strain development has been proposed through
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the integration of systems biology and next-generation sequencing approaches with

genetics tools. This affirms the notion that near-term pathway engineering

strategies benefit from a combinatorial approach (Alper and Stephanopoulos

2009) as well as the potential to identify the inhibitor-tolerant gene targets by

forward genetics (hfq case). Gene targets identified from the approaches above

can be extended to other industrial biocatalysts by homolog searching and genetics

tools (Yang et al. 2010a, b). The phenotypic trait of the acetate-tolerant AcR mutant

is largely due to truncation of the nhaA promoter region in the AcR, which suggests

that future investigations into transcription unit architecture will be a valuable

area to pursue through the application RNA-Seq or tiling array technologies.

At the same time, integration of information from other omics platforms such as

proteomics and metabolomics will provide a more comprehensive profile for

metabolic engineering and modeling (Lee et al. 2010). Finally, regulatory networks

need to be taken into consideration to better understand and manipulate microbial

physiology. (Alper et al. 2006; Alper and Stephanopoulos 2007; Tyo et al. 2007;

Cho et al. 2007).
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